intrinsic cloek is termed entrainment. Extensive studies have demonstrated that light entrains the intrinsic clock by a pathway linking the retina to the supraehiasmatie nucleus (SCN), the site of the master circadian pacemaker (//). Food is also capable of entraining behavioral rhythms driven by the eireadian clock. For example, circadian loeomotor activity can be entrained by restricted feeding (RF) of rodents independent of the LD cycle (¡2, 13) . This entrainment of behavioral rhythms is accompanied by a concordant change in the molecular cloek in most tissues {14-16), Here we present biochemical data that suggest a simple mechanism by which activity or food ingestion may entrain the circadian regulatory apparatus.
In the accompanying report {4), we developed a human neuroblastoma cell culture system to identify putative target genes of tbe NPAS2:BMAL1 beterodimer. The gene encoding the A isoform of lactate dehydrogenase (LDHA) was one of about 90 genes activated by induction of this transcription factor. Nortbem blot assays {17) eonfirmed that the neuroblastoma eells rapidly accumulated high levels of LDHA mRNA upon induction of NPAS2:BMAL1 (Fig. 1, inset) . We prepared a construct in which a luciferase reporter gene was placed under the control of the human LDHA promoter. Expression from this LDHAluciferase reporter was markedly induced in cultured 293 cells upon cotransfection of expression vectors encoding NPAS2 and BM AL 1 ( Fig. 1) {4, 18 ). These observations suggest that LDHA is a direct and bona fide transeriptional target of NPAS2:BMAL1. Three additional findings support this interpretation; (i) the LDHA promoter contains two optimal NPAS2;BMAL1 binding sites (/9), (ii) the NPAS2;BMALI-dependent mcrease in LDHA levels was attenuated by CRY I, a repressor of CLOCK and NPAS2 transeriptional activity (Fig. I) , and (iii) the basal level of LDHA-driven luciferase activity was also attenuated by CRYL Endogenous, CRY 1-repressive NPAS2:BMAL! aetivity, therefore, may contribute substantially to the basal level of LDHA-luciferase expression.
LDHA reversibiy catalyzes the enzymatic conversion of pyruvate to lactate (20) . In the forward direction, the reaction consumes reduced nicotinamide adenine dinucleotide (NADH) and evolves balanced levels of the oxidized form of the cofactor (NAD). Knowing that tbe redox state of NAD(H) might change as a function of LDHA expression or rhythmic food intake, we reasoned that these eofactors could be part of a feedback mechanism controlling the molecular clock. We therefore tested the possibility that the redox state of either NAD(H) or NADP(H) might directly control the activity of the NPAS2; BMALI transcription faetor.
We first tested this hypothesis by monitoring the DNA-binding activity of NPAS2: BMALI in vitro by an eleetrophoretic mobility shift (EMS) assay (2!. 22) . This assay revealed two species of DNA-binding activity, one eorresponding to NPAS2;BMAL1 and the other corresponding to the BMALI: BM AL I homodimer. Both NADH and NADPH induced the DNA-binding activity of NPAS2;BMAL1 (Fig. 2) . Half-maximal induction (EC^,,) was observed at concentrations of 6.3 mM NADH and 2.3 niM NADPH, both of which are within physiological ranges (23) , By contrast. NADH and NADPH did not stimulate the DNA-binding activity of BMALI:BMALI but rather appeared to attenuate it. Because the NAD cofactors do not affect BMALI;BMAL1 DNA binding in the absence of NPAS2 (see below), we speculate that NADH and NADPH inhibit BMALI ;BMAL1 DNA-binding activity by favoring the incorporation of BMALI into the NPAS2:BMALI beterodimer.
It is unlikely that the absolute levels of NAD cofactors fluctuate as a function of the LD cyele, food ingestion, or neuronal activity. We therefore perfonned a more physiologically relevant experiment in which we left the total NAD(H) or NADP(H) level constant but altered the ratios of the reduced and oxidized fonns of these cofactors. These experiments revealed that the DNA-binding activity of NPAS2;BMAL1 was optimal when the ratio of reduced-to-oxidized NADP(H) cofactor exceeded 75% (Fig. 3A) . Above this ratio. DNA binding increased steeply, whereas below this ratio it was acutely diminished. We saw similar results when we altered the ratios of NAD(H) rather than NADP(H) (24) , When applied in the absence of balaneing levels of their oxidized counterparts, NADU and NADPH induced NPAS2:BMALI DNA binding with respective ECj^'s of 6.3 mM and 2.3 mM (Fig. 2) . When tested in balanced mixes, the ECj^'s for NADH and NADPH increased to 9.0 mM and 4.1 mM. respectively (Fig. 3A) . The discrepancy between these HC,,, values raised the possibility that the oxidized forms of the two cofaetors might inhibit NPAS2:BMAL1 DNA-binding actlvit)'. To test this, we perfonned a titration experiment in whieh the NPAS2:BMAL1 heterodimer, supplemented with NADPH at 2.0 mM. was challenged with graded inereas-L' S of the oxidized tbnn of the eofaetor (NADP). As shown in Fig. 3B . NADP inhibiied NPA.S2:BMALi DNA binding with ¡i half-maximal inhibition (ICjj,) at a concenirdion of 0.56 mM. NAD titration inhibits N.\i)ll-inducedNPAS2:BMALl DNA binding similarly to NADP {24).
The inhibitory effeet of NADP may account for the unusually steep induction eurve observed in the ratio experiment (Fig. 3A) . Quantitalion of NPAS2:BMALI DNA-binding activity ill this experiment revealed a '>..î-fold increase between the 60:40 and SO:20 reduced-to-oxidized eofaetor ratios. generating an induction eurve with a Hill coetTicient of 15. The reactions programmed witli the 60:40 and S0:20 ratios contained 3 and 4 niM NADPH. respectively. In the absence of balanced levels of NADP. a similar ).4-fold change in NPAS2:BMALI DNAbinding activity occurred between 1 and 3 111VI NADPH ( Fig. 2A ). corresponding to an induction curve with a Hill coeft'icienl of 3.7.
The relatively steeper induction curve observed in the NADP(H) ratio experiment likely reflects the fact that the reduced and oxiJizcd forms of NADP(H) influence NPAS2: liMALl DNA-binding activity reciprocally.
We next measured binding constants for NPAS2:BMAL1 as a function of NADP(H) redox state, assessed at an invariant 5 mM N.^DPII level. We challenged a constant amount of input heterodimer with systematically increased amounts of radioactive DNA substrate, using the EMS assay to separate protein-bound eomplex from free DNA {25). To assess the specificity of this response to NADPH. we compared the effects of NADPH on the DNA-binding activity of NPAS2:
BMALl. Clock:BMALI. BMALhBMALl, and ARNT1:ARNT1. NADPH enhanced the DNA-binding activity of NPAS2:BMALI and Clock:BMALl but had no effect on BMALl: BMALl or ARNTI:ARNTI (Fig. 5 ). NADPH also had no effect on NPAS2 and Clock in the absence of their obligate heteromeric partnerneither protein alone bound DNA with or without NADPH. Finally, both Clock and NPAS2 were found to bind to the optimal NPAS2: BMALl DNA recognition site when mixed with equimolar ratios of ARNTl ralher than BMAL 1. Although these heterodimers may not be physiologieally relevant, both Clock: ARNTI and NPAS2:ARNT1 were responsive to NADPH (Fig. 5) Fig. 2 , except that the reactions were supplemented with 2 mM NADPH. NADP was added to the reactions at concentrations indicated on the X axis. In (A) and (B), the DNAbound forms of NPAS2;BMAL1 and the BMALI homodimer were quantitated by phosphorimaging, plotted, and curve fit (ZZ).
amino aeids of NPAS2 (Fig. 6) . response to NADPH was maintained in binding reactions programmed with a minimal bHLH domain of BMALI (Fig. 6 ). As such, reduced forms of nicotinaniide-derived cofactors were capable of stimulating DNA binding of the NPAS2;BMAL1 heterodimer through a complex completely devoid of PAS domains (28) . ln summary, this report provides evidence tliat two related transcription factors, NPAS2 and Clock, may constitute intracellular redox sensors. Using test-tube reactions with purified reagents, we demonstrated that the DNA-binding activities of NPAS2 and Clock can be influenced by the redox states of NAD(H) or NADP(H). We offer three experimental observations that favor the biological validity of these observations. First, the eoneentration range over which reduced nicotinamide cofactors induce NPAS2 and Clock DNA-binding activity is in the low millimolar range, eorresponding with the intracellular concentrations reported in the literature {23). Were the potency of activity either far lower (high mM) or higher (sub-mM), the activities of NPAS2 and Clock would not be capable of functioning as a redox sensor.
Second, the effects of the oxidized and reduced forms of NAD(H) and NADP(H) were shown to influence the DNA-binding activity of the NPAS2:BMAL1 heterodimer in a reciprocally opposed manner. The very .subtle difference of a single hydrogen atom on the nieotinamide ring caused tlie reduced cofactor to activate DNA binding and the oxidized cofaetor to inhibit. All reactions were earried out in the presence of high concentrations of dithiothreitol (DTT), a stronger reducing agent than either NADH or NADPH. As sueh, we do not believe that NAD cofactors act by redox mollification of the NPAS2, Clock, or BMALI polypeptides but instead serve as molecular ligands. The oxidized cofactor, NADP, inhibits NPAS2; BMALI DNA-binding activity, but the reduced fomi NADPH activates. By definition, in order for the NPAS2 and Clock polypeptides to function as redox sensors, they must respond differentially to the oxidized and reduced Ibnns of the two principal cofactors that regulate intracellular redox-NAD(H) and NADP(H).
Tbis reciprocal effect is the basis of the third observation favoring the hypothesis that Clock: BMALI and NPAS2;BMAL1 serve as bona fide redox sensors, which is the steep induction and inhibition curves observed herein. A nearly quantitative molecular switch in DNA-binding activity was observed over the relatively subtle ehange in redox state from 60:40 to 80:20 reduced-to-oxidized ratios of NADP(H). In biochemical terms, the properties of tliis switch are best described by an apparent Hill coefficient of 15 (Fig. 3A) . Any rendering of the Hill coefficient above a value of I can be interpreted to reflect elements of cooperativity. A Hill coefficient of 15 portrays an exceptionally eoopera-tive reaction, Whereas proper accounting of the biophysical and biochemical nature of this cooperativity remains to be elucidated, the reaction does offer multiple opportunities for allosteric regulation. At least two equilibria might be influenced by the redox state of NAD cofaetors: (i) formation of NPAS2:BMAL1 heterodimers and (ii) reversible interaction of the NPAS2:BMALI heterodimer with its DNA substrate. Indeed, having observed that eofaetor redox state influences both the K^i and 5,,,,,._ of the NPAS2:BMALI heterodimer for its DNA substrate, we speeulate that this redox switch will manifest its consequences at multiple levels.
We propose that fluctuations in eelluiar redox ciui act to directly entrain the molecular clock. It is well established that changes in the abundance of redueed ftiels correlate with fluctuations in cellular redox state {29-31). Cells respond to the liberal availability of reduced fuels by mobilizing metabolie pathways that convert oxidized NAD cofaetors into their reduced counterparts. By contrast, such reducing equivalents are expended for the purpose of energy-dependent biosynthetic reactions during periods of starvation. For most metazoan organisms, this cycle oscillates regularly as a function of the day-night cycle. Noctiimal animals feed at night and starve by day. with diumal animals exhibiting the opposite pattem of feeding behavior. It has been observed that RF can entrain activity rhythms in rodents ( 12. ¡3) by modulation of the molecular circadian clock ( 14, 13) . We speculate that RF may entrain the molecular rhythm direetly through induced change in cellular redox potential.
It is reasonable to postulate that RF. through induced alteration of intracellular redox levels, might be capable of direct entrainment of the moleeular clock in peripheral tissues such as intestine or liver. RF has also been found to entrain moleeular rhythms in the forebrain {32). [•luctuation in food energy dt>es not translate to rhythmic oscillation in blood glucose in the principal site of expression of NPAS2-the mammalian forebrain {26,33). How then might RF reprogram a eireadian oscillatory device located in the forebrain?
Although blood glucose concentrations remain eonstant as a funetion of the LD cycle, rates of glucose uptake and gtycolysis are known to fluctuate as a function of neuronal activity {34-36). Indeed, differential rates of energy eonsumption form the basis of brain imaging techniques that use 2-deoxy-glucose as a marker [37. 3fi) . Morphological studies have shown that astrocytes form the proximal, cellular bed adjacent to the vascular system of the brain (39) . In response to extracellular glutamate, which is plentiful in brain nuclei that are active with respeet to neurotransmission, astrocytes elevate their intrinsic rate of glycolysis. resulting in the production of laetate (34-36) . Astroeytegenerated laetate is released extracellularly and used as the principal energy source of neurons through a facilitated monocarboxylate transporter present in neurons (40) (41) (42) . Because rates of glyeolysis and laetate production oscillate as a function of neuronal activity, it is possible that the intracellular redox potential of neurons fluctuates accordingly despite homeostatic blood glucose levels in the brain. If so. neurons containing the molecular clock might be entrained by neuronal activity through fluctuations in the ratios of reduced-to-oxidized NAD eofaetors. This speculation is supported by our finding that LDHA is a direct target of NPAS2: BMALl (Fig. I) . It has likewise been reported that expression of the gene encoding the neuron-specific laetate transporter. MCT2, also oscillates as a function of the LD cycle (43) Copyright of Science is the property of American Association for the Advancement of Science and its content may not be copied without the publisher's express written permission except for the print or download capabilities of the retrieval software used for access. This content is intended solely for the use of the individual user. Copyright of Science is the property of American Association for the Advancement of Science and its content may not be copied or emailed to multiple sites or posted to a listserv without the copyright holder's express written permission. However, users may print, download, or email articles for individual use.
